Gears made of PM steel are of interest for the automotive industry because they can be produced to near net shape with only a few processing steps.
Introduction
Gears made out of PM steel are of interest for the automotive industry because they can be produced to nearly net shape in few steps with complex geometry while keeping the material and energy usage at a minimum. Furthermore, the inherent porosity of PM steels can possibly be of interest from a designer point of view since the pores reduce the weight of a given component. PM materials have also shown beneficial sound absorbing properties, which for example could be of interest for electric car manufacturers since the motor sound, masking some of the other sounds produced by example the transmission, is removed.
PM steels however, due to the inherent porosity of the material, have their limitations. The pores impair the mechanical properties of the material in two ways, by acting as stress concentrators as well as crack initiation points, thus leaving it vulnerable to unforeseen events of high load and lack of lubrication.
Teeth of automotive gears are subjected to pure rolling and sliding contact as well as a mixture between the two, leading to different mechanisms of wear of the gear tooth. Apart from the tribo-related wear, bending fatigue and failure are common issues. Pure rolling occurs only at the pitch line and the sliding to rolling ratio increases with distance from the pitch line. Wear found on and around the pitch line, where the rolling component is dominating, is due to fatigue of the surface and subsurface material. The repeated cyclic loading leads to the formation of sub surface cracks, often initiated at defects [1] . The cracks eventually reach the surface and cause scaling. This type of damage is called pitting. Cracks can also be initiated at the surface, often as a consequence of insufficient lubrication resulting in contact between asperities. Surface induced cracks are assumed to be the dominating damage mode when the contact is set within the mixed lubrication regime [2] . Micro pitting is another type of tribo-related wear found on gear teeth. Micro pitting is caused by insufficient lubrication between the surfaces of the mating teeth, leading to asperity contact and later to the formation of shallow pits called micro pits.
However, these mechanisms are of a general nature and consider mainly full density steel. Caution should therefore be taken when translating these mechanisms directly to PM steel. For example, the role of plasticity is more important in sintered components since local stress concentrations at sintering necks or at pore edges may cause yielding at much lower applied stresses than for full density materials [3] .
Most of earlier work on fatigue of PM steel addresses non-contact modes, such as bending and compressive fatigue. From these studies it is clear that the porosity is a key factor for the survival of the material. A lower density/higher porosity is always associated with a lower fatigue strength [4] . Results from fatigue tests should however not be translated directly to contact fatigue.
Earlier reports on contact fatigue wear [5, 6] show that the density in the region exposed to the highest stress is the main determining parameter of PM materials tested for rolling/sliding contact fatigue. It is also shown that the relationship between the stresses that the material can handle and the density can be considered to be linear. The slide to roll ratio also plays an important role for the contact fatigue life of the material. By adding friction force to the contact, the contact fatigue life is considerably decreased [7] .
The volume affected by the load is, as for all fatigue tests, important. A larger affected volume increases the risk that a defect, pore in this case, large enough or with sharp enough edges is included in the volume. Andersson et al. showed that an increase in density will decrease the average size of the largest pore for a given contact volume [8] . This can potentially be the determining factor for fatigue life of the sample.
The surface preparation technique is also of importance for the rolling contact fatigue limit. Partly because the combined Ra value of the two surfaces in contact will have a large effect on what lubrication regime the contact is set within, but also because contact between asperities may cause stress concentrations to depths of around 5-10 µm below the surface. [9] This will affect the running in of the two surfaces and can, if the surfaces are too rough and the lubrications insufficient, lead to surface induced cracks and micro pitting. Superfinishing has shown to increase the resistance against micro pitting for wrought gears [10] .
The aim of this article is to investigate what effect the porosity and surface finish have on the fatigue life of PM steel tested for rolling contact fatigue and to increase the understanding of the contact fatigue mechanisms by studying how the surface and sub surface change during contact.
Experimental

Materials
Sintered steel, modified Astaloy™ CrA was provided by Höganäs AB. This steel was produced from a powder pre-alloyed with Cr and with addition of 2.0% Ni and 0.25-0.3% C admixed. The sintering was done at 1120°C for 45 min in a 90/10 N 2 /H 2 atmosphere. The material was delivered in two different densities, 6.8 and 7.15 g/cm 3 , in the form of discs with a diameter of 120 mm and a height of 25 mm. The composition of the tested steel can be seen in Table 1 .
Sample preparation
Cylindrical samples with radius 5 mm and length around 90 mm were turned from the sintered discs. They were then low pressure carburized by a standard procedure at Höganäs AB giving a case hardened depth of around 1.1 mm. The microstructural analysis performed to control the quality after case hardening showed that all samples have a near surface martensitic region with a hardness of around 775 ( ± 25) HV. The reference material 16MnCr5, which is a wrought steel typically used in transmission gears, was gas carburized. Low pressure case hardening was used for the PM samples in order to gain better control of the case hardening depth. All cylinders were centerless grinded, giving a final radius of about 4.9 mm. One sample of each density except for the full density reference was superfinished. All sample specifications can be found in Table 2 .
Optical profilometry, VSI, was applied to measure the surfaces, see Fig. 1 . The mean Sa values for the centerless grinded and superfinished surfaces are 0.123 and 0.060 µm, respectively. The lay, which is in the circumferential direction, can be seen on the centerless grinded samples. The superfinishing process reduces the surface roughness, and also changes the morphology of the surface and makes the surface pores more visible.
Rolling contact test
All testing was performed in a rolling contact fatigue test rig, see Fig. 2 . Two wheels (radius 70 mm and crowning radius 200 mm) made out of bearing steel (Uddeholm Caldie, hardness 730 HV) are pressed against the test cylinder specimen. The test cylinder is mounted to a motor that rotates it, and thus it is driving the two wheels. The wheels and the test sample rotate with the same tangential velocity, meaning that no slip occurs in the contact. The initial Sa-value of the counter surface wheel, when freshly prepared, is around 0.1 µm, see Fig. 3 . The surface of the wheels was observed after each test and re-shaped when necessary.
A load corresponding to a maximum contact pressure of 1700 MPa was applied to the contact. 1700 MPa roughly corresponds to the maximum pressure that full density steel will experience during load stage 9 in an FZG test. Since the density has an effect on the Young's modulus of the sample, a set load will give different surface pressures for different materials. In order to see the effect of an increased load, the density 7.15 g/cm 3 (7.15 CL) material was also tested at the load corresponding to 1700 MPa for a density of 6.8 g/cm 3 , resulting in a pressure of 1820 MPa.
The rotating speed of the test cylinder was 3000 rpm, giving 6000 load cycles per minute for the test cylinder. ] was constantly fed to the contact. All tests were performed at room temperature.
Contact conditions
According to Beiss [11] , Young's modulus (E) and Poisons ratio (ν) for porous steel can be calculated by:
and
where E 0 , ρ 0 and ν 0 are the Young's modulus, density and Poisons ratio of solid steel.
The calculated values for PM steel can be seen in Table 3 . Calculated stresses versus depth below the surface at the center of the contact area (assuming perfectly smooth surfaces and elastic deformation) are shown in Fig. 4 . The maximum von Mises stress is roughly 990 MPa at about 100 µm below the surface. For the used contact geometry and materials, the elliptic contact area is calculated to around 0.3 mm in the rolling direction and around 3 mm in width (along the cylinder axis direction).
Hamrock et al. established a lubrication model for elliptical contact [12] . With the given values of Young's modulus, surface pressure, combined surface roughness, lubricant viscosity and rotational speed, the lambda value of the contacts between the test cylinder and the wheel are for the centerless grinded and the superfinished surfaces approximately 3.7 and 5.9, respectively. This indicates that the centerless grinded surface operates in the mixed lubrication regime, while the superfinished surface has full film lubrication. The Hamrock model does however assume a fully submerged/flooded contact which is not the case in the present test, although the contact is well lubricated at all times, feasible in this setup. This means that the lambda value should only be seen as an indicator of which lubrication regime the contact is set within. In addition, full film lubrication would result in a very low coefficient of friction between the wheel and the superfinished sample. This is probably not the case since a certain friction force is required to drive the counter surface wheels. Furthermore, PAO8 contains no additives meaning that no active film-building agents are present. Thus, mixed lubrication is assumed in both cases.
Testing and evaluation procedure
All samples were tested for 0.5, 1, 3 and 12 * 10 6 load cycles (number of tests = 2), or/and until failure (number of tests = 3). An Cylinder form has been removed. 2D profile (along the line shown in the 3D image) is in the circumferential direction. Surfaces and cross sections, taken at the center of the rolling track, in the rolling direction, were analysed with SEM, EDS and VSI after 0.5, 1, 3 and 12 * 10 6 load cycles as well as after failure. Cross sections were mechanically polished and finished with 1 µm abrasive particle cloth. In order to avoid dismounting of the test, a casting mass with a resolution of 0.1 µm was used to take castings of the surface during the test. The castings were analysed by VSI.
Results
Fatigue life performance
The medium density materials (7.15 CL and 7.15 SF) survived over four times as long as the low density materials (6.8 CL and 6.8 SF), see Fig. 5 . No apparent influence of surface finish can be seen. The full density sample (wrought reference) made it to 40 * 10 6 load cycles, where the test was stopped. The 7.15 CL material that was tested at a higher load, corresponding to a surface pressure of 1820 MPa, survived longer than the 6.8 materials tested at the same load but shorter than the of 7.15 materials that were tested at 1700 MPa. None of the tested materials with density 6.8 g/cm 3 made it to 12 * 10 6 load cycles. As seen in Fig. 6 , signs of sub surface crack formation are seen after 1 * 10 6 load cycles. Cracks appear to be formed at pore edges at a depth of around 100 µm. After 3 * 10 6 , the cracks have propagated between pores, see Fig. 7 . After failure, an extended subsurface crack network has been formed and one of the examined samples shows a large crack extending almost a quarter lap around the cylinder, see Fig. 8 .
The surfaces of 6.8 CL and 6.8 SF transforms quickly after contact with the counter surface, see Fig. 9 . Surface pores and indents from wear particles, not visible before testing are seen at this point. The surface does not change much between 0.5 and 3 * 10 6 load cycles but after failure, cracks can be seen on the surface, see Fig. 10 . After failure the surfaces shows signs of damage in the form of cracks and flaking. The darker parts are oil residues which could not be removed without altering the surface during cleaning.
Medium density steel -7.15 g/cm 3
Materials with density 7.15 g/cm 3 show signs of crack formation after about 12 * 10 6 load cycles, see Fig. 11 . The cracks are formed at pore edges at a depth of around 100 µm and propagate at the same depth. The surfaces of the centerless grinded and superfinished samples with density 7.15 g/cm 3 change in the same way as the ones with density 6.8 g/cm 3 . One test of each surface finish was stopped, but not dismounted, after 20 * 10 6 load cycles and a casting was taken of the surface and measured by VSI. As can be seen in Fig. 12 , the surface parameters have changed from their initial values. For the centerless grinded samples, the asperities have been almost completely obliterated while the valleys are still present. For the superfinished samples, the surface porosity can clearly be seen. Notice also the appearance of what looks like grooves on both surfaces. These are indents which have accumulated during testing. Surface damage and sub-surface cracks propagating parallel to the surface after failure are shown in Figs. 13 and 14.
Discussion
Fatigue life, crack formation and propagation
The results from this work are comparable but do not overlap completely with earlier results by i.e. Janitzky et al. [13] where another sintered material with densities of 7.11 and 7.33 g/cm 3 were tested for rolling contact fatigue without slip. The material with density 7.33 g/ cm 3 had a fatigue life of about 10 * 10 6 load cycles at a contact pressure of around 1700 MPa, which is about 1/3 of the fatigue life of results for density 7.15 g/cm 3 found in the present study.
Samples of density 6.8 g/cm 3 showed a fatigue life of around 1/4 that of the samples with density 7.15 g/cm 3 . The main differences between the two densities are the number and size of the pores. Cracks start to nucleate at pore edges at the depth where the maximum von Mises stress is found. The cracks propagate through the material at about the same depth. The deviation from this depth seen in some of the SEM images is due to the porosity. The cracks will rather propagate between pores than at the exact depth where the highest von Mises stress is found, but crack propagation is somewhat limited to this region. The cracks will eventually reach the surface, causing surface cracks and later pits. The main limiting parameter for PM material tested for rolling contact fatigue is the porosity, and especially the porosity at depths down to where the maximum shear stress is found. The mean distance between pores is slightly longer for density 7.15 g/cm 3 than for 6.8 g/cm 3 . This indicates that the crack propagation rate is slightly higher for materials with higher porosity, given that the von Mises stress is about the same for the two densities. The most difference, revealed by the cross section images, is that crack nucleation starts earlier for the low density material. Although the material can withstand further load cycles after the formation of cracks, the material should be considered to be expended, meaning that the crack propagation rate is of secondary interest.
These findings are not surprising. Effects of stress concentrations around pores and other material defects are well known. What is interesting is that the depth of formation and propagation of the cracks appears to be narrow. By knowing that cracks will most likely initiate at a certain depth, actions can be taken to prevent them from forming in the first place. One such action would be to densify the top surface of the material, down to a depth larger than that of the maximum von Mises stress.
No cracks are found underneath the surface of the materials with density 6.8 g/cm 3 after 0.5 * 10 6 load cycles, but already after around 3 * 10 6 load cycles, cracks connecting pores are found at around 100 µm underneath the surface. The early formation of cracks implies that a density of 6.8 g/cm 3 is too low for the given contact pressure. 
Surface characteristics during and after testing
The Sa-values are in the same range for the centerless grinded and the superfinished samples. This is due to the porosity, which is more apparent after superfinishing. The slightly lower Sa-value for the superfinished surfaces is due to the removal of asperities in the process. These asperities are still left on the centerless grinded samples. All samples change rapidly after test initiation and the topographical values converge towards each other. The asperities of the centerless grinded surfaces are flattened out and on the superfinished surfaces porosity can be seen more clearly. No traces of sliding wear are found on the surfaces prior to failure. The increased Sa-values of the surfaces after testing are probably due to the surface indents and the increased amount of visible surface porosity.
No effect of surface finish was found on the fatigue life. The difference in surface roughness could induce a difference in local stress concentrations at the surface, but in this test the cracks causing fatigue failure are initiated at a depth where the stress distribution is not affected by local surface stress concentrations. This means that for fairly smooth surfaces roughness, the surface of PM steel is not important when it comes to pure rolling fatigue life. If however a sliding component would be introduced, the influence of the surface roughness might be of importance. In this study, the lay of the grinding pattern from the centerless grinding was in the circumferential direction. In a normal gear mesh, the lay at the pitch line would be axially parallel or at an angle relative to the axis. This is something to consider when thinking about transferability to the gear contact.
Indents are found on all surfaces after testing but to a greater degree on centerless grinded surfaces. EDS analysis of the surface after testing shows no traces of elements that are not found in the system. These indents are therefore believed to be caused by wear particles that stick to the counter surface, leaving uniform indents on the surface of the tested sample. No traces of surface induced cracks originating from these indents can be seen on the cross sectional images, meaning that the effect the wear particles has on the fatigue life is probably very limited.
Rolling contact fatigue test rig
The results show that this rather simple test setup can produce results with low scatter. A clear difference between materials with a porosity difference of 0.35 g/cm 3 can be measured. Samples with standard cylinder shape that are easily mounted can be used. Image analysis of cross sectional images shows that the contact area includes about 600 pores. This number is somewhat of an exaggeration but the number of pores in the contact is still sufficient to avoid strong effects from a single pore. As the set up only allows for pure rolling, the transferability to a real gear contact is only valid for the part of the contact where pure rolling occurs, the pitch line. If a sliding component would be added to the contact, the maximum shear stress would be found closer to the surface. The load was adjusted to fit a maximum surface pressure of 1700 MPa. This was done in order to more easily be able to interpret and compare the results to them of other studies. If a gear of lower density steel is used in a real application, the same applied load would result in a lower surface pressure than for a higher density steel gear.
The wear of the counter surface wheels was closely monitored during this study. After two tests of samples with density 7.15 g/cm 3 , small signs of wear in the form of pits in the µm-region could be seen on the wheels. This did not, according to the low scatter in the results, have a pronounced effect. It is still however something to keep in mind. A more wear resistant wheel could be beneficial for longer tests, but the wheels used in this study had a fully adequate wear resistance.
Conclusions
In this study the fatigue life during lubricated pure rolling contact conditions have been investigated. The following conclusions are made:
• The rolling contact fatigue test rig used in this study can clearly differentiate a difference in porosity of 0.35 g/cm 3 with low scatter.
• The main limiting mechanism for pure rolling contact fatigue is the crack nucleation. Cracks nucleate earlier for the lower density materials. Furthermore, the crack propagation rate appears to be somewhat higher for the lower density materials.
• For pure rolling, cracks propagate parallel to the surface approximately at the depth where the maximum von Mises stress is found. The deviation from a constant depth is due to the porosity.
• Materials with a density of 6.8 g/cm 3 survived on average for around 7 * 10 6 load cycles. Therefore, this density is probably not suitable for an application with high surface pressure and a high number of load cycles.
• An increase in density from 6.8 g/cm 3 to 7.15 g/cm 3 resulted in a four-time increase of cyclic fatigue life. A mechanical component with a throughout density of 7.15 g/cm 3 is probably not suitable for high load applications but could be if the surface is densified.
• No clear difference in number of load cycles until failure was found between the centerless grinded and the superfinished samples in this test. For pure rolling, the surface is probably not as important as the porosity when it comes to fatigue life.
• A superfinished surface will transform quickly when it gets in contact with a counter surface. This transformation does however not seem to have an effect on the rolling fatigue life of the PM steel.
• Indents from wear particles, stuck in the wheel, were found at a greater number on centerless grinded surfaces. These indents did not have an apparent effect on the fatigue life of the tested samples.
